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Successful regenerationofdamagedneuronsdependson the coordinatedexpressionofneuron-intrinsic genes.Atpresenthowever, there
isnocomprehensive viewof the transcriptional regulatorymechanismsunderlyingneuronal regeneration.Weusedhigh-content cellular
screening to investigate the functional contribution of 62 transcription factors to regenerative neuron outgrowth. Ten transcription
factors are identified that either increase or decreaseneurite outgrowth.Oneof these,NFIL3, is specifically upregulatedduring successful
regeneration in vivo. Paradoxically however, knockdownofNFIL3 andoverexpressionof dominant-negativeNFIL3both increaseneurite
outgrowth. Our data show that NFIL3, together with CREB, forms an incoherent feedforward transcriptional regulatory loop in which
NFIL3 acts as a negative regulator of CREB-induced regeneration-associated genes.
Introduction
Neurons in the CNS do normally not regenerate after injury,
whereas in the peripheral nervous system (PNS) damaged axons
spontaneously regrow and reinnervate their targets. Current
strategies to promote regeneration of injured neurons are often
aimed at manipulating the molecular and cellular environment
of damaged neurons (Yiu and He, 2006; Cafferty et al., 2008).
Importantly, successful axonal regeneration also depends on the
intrinsic ability of neurons to translate growth-promoting signals
into an appropriate gene expression response (Raivich and
Makwana, 2007). Dorsal root ganglion (DRG) neurons are an
attractive model to study neuron-intrinsic mechanisms of regen-
eration. DRGneurons extend one peripheral axon into the spinal
nerve which regenerates spontaneously after damage, and one
central axon into the dorsal root which shows little regenerative
capacity (for review, see Teng and Tang, 2006). Successful regen-
eration following peripheral nerve crush of DRG neurons is
transcription-dependent (Smith and Skene, 1997) and requires
retrograde transport of injury-induced signals from the lesion
site to the nuclei of the injured neurons (Chong et al., 1999;
Neumann and Woolf, 1999; Hanz et al., 2003). Injured DRG
neurons show increased expression of many regeneration-
associated genes, including Gap43, Cap23, Arg1 and Sprr1a, and
overexpression of these genes stimulates axonal outgrowth in
injured neurons (Frey et al., 2000; Bomze et al., 2001; Bonilla et
al., 2002; Cai et al., 2002). Injury-induced expression of regene-
ration-associated genes requires the coordinated activity of
regeneration-associated transcription factors (TFs). To date,
several injury-responsive TFs have been identified that pro-
mote neuron outgrowth, including CREB (Gao et al., 2004),
STAT3 (Qiu et al., 2005), ATF3 (Seijffers et al., 2006; Seijffers et
al., 2007), c-JUN (Broude et al., 1997; Raivich et al., 2004), SOX11
(Jankowski et al., 2006), Smad1 (Zou et al., 2009), and several
KLF family members (Moore et al., 2009). At present however
there is no comprehensive view of the transcriptional regulatory
mechanisms underlying neuronal regeneration.
Recent advances in gene regulation analysis have made it
possible to map the gene regulatory networks underlying com-
plex physiological processes. Large scale application of gene
expression profiling, RNA interference, TF binding site pre-
diction and TF-promoter binding analysis, allow accurate re-
construction of gene regulatory networks and prediction of
key components within these networks (Lee et al., 2002; Blais
and Dynlacht, 2005; Tegne´r and Bjo¨rkegren, 2007). Here, we
applied these methods to uncover novel aspects of the gene
regulatory network underlying successful neuronal regenera-
tion. Specifically, we performed an RNAi-based screen on a
large set of TFs that were previously shown to be early and
differentially regulated in DRG neurons following either pe-
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ripheral or central nerve crush (Stam et al., 2007). Ten tran-
scription factors were identified that robustly and significantly
affect neurite outgrowth. One of these, NFIL3, is specifically
upregulated during successful regeneration in vivo. Paradoxi-
cally however, knockdown of NFIL3 and overexpression of
dominant-negative NFIL3 both increase neurite outgrowth.
Our data show that NFIL3, together with CREB, forms an
incoherent feedforward transcriptional regulatory loop in
which NFIL3 acts as a negative regulator of the CREB-induced
expression of regeneration-associated genes.
Materials andMethods
Cell culture and transfections. F11 and HEK293 cells were maintained as
described previously (Stam et al., 2007). F11 cells were transfected with
Dharmacon siGENOME siRNA SMARTpools using the DharmaFECT 3
transfection reagent according to the manufacturer’s instructions
(Dharmacon). For transfection with DNA plasmids Lipofectamine
2000 Reagent (Invitrogen) was used. Dissection and dissociation of
primary adult DRG neurons was performed as described previously
(Stam et al., 2007). Dissociated neurons were transfected using the
Nucleofector 96-well system (Amaxa Biosystems) according to the
manufacturer’s protocol. After nucleofection, neurons were immedi-
ately plated on poly-L-lysine- and laminin-coated 8-well chambers
(Lab-Tek). After 40 h in culture neurons were fixed and immuno-
stained. The longest neurite of each of 100–200 neurons was mea-
sured. For survival assays, DRG cultures were incubated 30 min
before fixation in medium containing 2 M ethidium homodimer-1
(EthD-1; Invitrogen). GFP-expressing neurons were inspected and
the number of EthDI-negative neurons was assessed as a measure for
the percentage of viable neurons.
High-content screening. F11 cells were cultured in 96-well plates and
transfected with Dharmacon siGENOME siRNA SMARTpools, in-
cluding three negative controls (siCONTROL nontargeting pool;
siGLO RISC-free siRNA; transfection without siRNA) as well as one
positive control (siATF3). Outgrowth was induced 4 h after transfec-
tion by replacing the medium with DMEM containing 0.5% FCS and
10 M forskolin. After 2 d cells were fixed and stained. Neurite out-
growth was quantified using a Cellomics KineticScanHCS Reader and
the Cellomics Neuronal Profiling Bioapplication. Per well 500–1000
cells were analyzed and neurite total length per cell (cell-based anal-
ysis) and the percentage of cells per well having a neurite average
length of 25 m (population-based analysis) were calculated.
Statistics and target selection. Statistical significance was determined
per plate by One-Way ANOVA and Kruskal–Wallis test for cell-based
features and by One-Way ANOVA only for well based features. A Dun-
nett’s post hoc test was used for ANOVA analyses. Post hoc multiple-
comparisons tests for Kruskal Wallis analyses were performed as
described by Siegel and Castellan (1988). siRNA effects were compared
with one of the controls (usually siGLO) and deemed significant when
p  0.01. In addition to the statistical significance criterion, hits were
only selected when the size effect of the siRNA was larger than 1 SD of all
combined negative controls throughout the screen. All positive hits were
replicated 2–3 times using the siRNA pools, and a selection of 10 positive
hits were also replicated using the four individual siRNAs that comprise
each siRNA pool.
Expression constructs. Full-length rat NFIL3 cDNA was PCR amplified
from rat whole-brain cDNA and inserted into the pcDNA3.1 expression
vector (Invitrogen). The pCMV-Myc-CREB plasmid was kindly pro-
vided by Dr. A. Riccio (Johns Hopkins University School of Medicine,
Baltimore, MD). For generation of the NFIL3 dominant-negative inhib-
itor, the C-terminal portion of NFIL3 including the leucine zipper was
inserted into pcDNA3.1, andwasmodified to contain anN-terminal Flag
epitope followed by a10 sequence and an acidic extension as described
previously (Ahn et al., 1998).
Animals and surgical procedures.AdultmaleWistar rats were subjected
to either sciatic nerve or dorsal root crush for indicated time-points. L4-6
DRGs were isolated and stored at80°C until use for quantitative PCR
(qPCR), Western blot or in situ hybridization. All procedures were per-
formed as previously described (Stam et al., 2007).
RNA isolation and quantitative real-time PCR. Total RNA was isolated
using Trizol (Invitrogen) and reverse transcribed with Moloney murine
leukemia virus reverse transcriptase (MMLV-RT; Invitrogen). Quantita-
tive RT-PCR was performed on the ABI 7900HT detection system
(Applied Biosystems) with the 2 SYBR green ready reaction mix (Ap-
plied Biosystems). GAPDH and NSE transcripts were measured for
normalization.
Western blot analysis. Cells were directly lysed in 1 Laemmli sample
buffer and run on a 10% SDS-PAGE gel. Proteins were blotted onto a
PVDFmembrane (Bio-Rad Laboratories), blockedwith 5% low-fatmilk,
1% Tween 20 in PBS. Membranes were incubated with phospho-CREB
(Ser133), anti-CREB (both from Cell Signaling Technology) or anti-
NFIL3 antibody (V19; Santa Cruz Biotechnology), washed three times
with PBS-T (PBS with 1% Tween 20) and incubated with alkaline
phosphatase-conjugated secondary antibodies (DAKO). Immunoreac-
tivity was analyzed using the ECF detection system (GE Healthcare).
Luciferase assays. The pTK-EBPRE vector was a kind gift from Dr. S.
Tetradis (UCLA School of Dentistry, Los Angeles, CA). The SST-
Luciferase vector was a kind gift from Dr. S. Herzig (University of Kiel,
Germany). The Nfil3-, Gap43- and Arg1-luciferase constructs were cre-
ated by inserting an1 kb fragment encompassing the predicted EBPREs
into the pGL2-BASIC-luciferase plasmid (Invitrogen). F11 or HEK293
cells were transfectedwith indicated constructs/siRNAs andmediumwas
replaced with DMEM containing 0.5% FCS and antibiotics with or with-
out 10M forskolin the next day. PrimaryDRGneuronswere transfected
with indicated constructs and siRNAs using nucleofection as described.
After 2 d, cells were lysed with Steady-Glo luciferase lysis buffer (Pro-
mega) and luciferase activity was analyzed with a luminometer (Wallac
Victor 1420 Luminometer; PerkinElmer). The luminescent signal was
corrected for transfection efficiency using lacZ measurement. Experi-
ments were performed in triplicate and each experiment was repeated
2–3 times.
Chromatin immunoprecipitation. Chromatin immunoprecipitation
(ChIP) experiments were performed on F11 cells transiently expressing
NFIL3 and on rat L4–6 DRGs that had received a sciatic nerve crush.
Cells/tissues were isolated and chromatin was cross-linked with 1%
formaldehyde for 10 min and subsequently quenched with 125 mM gly-
cine for 5 min. DRGs were then homogenized in homogenization buffer
(0.35 M sucrose, 5 mM HEPES/NaOH, pH7.4) using a Dounce homoge-
nizer. Cells were pelleted and washed with cold PBS, nuclei were lysed
with SDS lysis buffer (1% SDS, 10 mM EDTA in 20 mM Tris-HCl). F11
cells werewashed and lysedwithout homogenization. Cross-linked chro-
matin was sheared with 4 pulses of 30 s each, yielding products of 200–
1000 bp long. Immunoprecipitation was performed with NFIL3 (C18
and V19, Santa Cruz Biotechnology) or phospho-CREB (Ser133) (Cell
Signaling Technology) antibodies overnight with rotation at 4°C. Immu-
nocomplexes were captured with protein A/G beads (Santa Cruz Bio-
technology) preincubated with sonicated salmon sperm DNA,
washed, and eluted with elution buffer (1% SDS, 100 mM NaHCO3).
The eluates were proteinase K treated (215 g/ml) and incubated
overnight at 65°C. DNA was purified by phenol/chloroform extraction
and subsequent ethanol precipitation. IP and input fractions were ana-
lyzed by PCR with primers flanking the predicted EBPRE/CRE sites of
Arg1 (5-CAAAGCTGTTCGGTTCTTGA-3 and 5-GCTTTGGTCT-
CCTGAATCGT-3), Nfil3 (5-GTTTGATGGTGAGGCCAGAG-3 and
5-CTACAACGGCGACCAAAAC-3), Gap43 (5-CAGGGTCCTTC-
CTTCTTCAT-3 and 5-GTCACCTTCCAGGGTTTCTT-3) and Actb
as a negative control region (5-AGAGCAAGAGAGGCATCCTG-3 and
5-GGGTCATCTTTTCACGGTTGG-3). DNA was amplified using
HotStart Taq polymerase (Eppendorf), using the following cycling con-
ditions: 10 min at 95°C, then 35–40 cycles of 30 s, 95°C; 30 s, 58°C; and
30 s, 65°C. Resulting PCR products were run on 3% agarose gels. Real-
time qPCR analysis was performed as described above. Enrichment was
calculated as (Cttarget,mock Cttarget,IP) (CtActb,mock CtActb,IP).
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Results
High-content screening identifies novel
transcriptional regulators of DRG
neuron outgrowth
F11 cells were used to test 62 TFs for their
ability to regulate neurite outgrowth.
These 62 TFs are differentially regulated
in DRG neurons following sciatic nerve
injury compared with dorsal root injury
(Stam et al., 2007), and include bona fide
TFs as well as many putative transcrip-
tional regulators based on gene ontology
or subcellular localization (see supple-
mentalTable1,availableatwww.jneurosci.
org as supplementalmaterial, for selection
criteria). F11 cells are neuroblastoma cells
derived from rat embryonicDRGneurons
(Platika et al., 1985). They express many
DRG neuron markers (Francel et al.,
1987; Boland and Dingledine, 1990) and
display cAMP-induced neurite outgrowth
(Ghil et al., 2000). We used F11 cells for
screening because high transfection effi-
ciencies (90%) can reproducibly be ob-
tained and neurite outgrowth can be
quantified in an automated and accurate
manner (Fig. 1A–C). Automated neurite
tracing accuracy was validated by manual
tracing (data not shown). Systematic
knockdown of all 62 TFs followed by
high-throughput automated analysis
of neurite lengths identified TFs that affect
neurite outgrowth. Examples of reduced
neurite outgrowth in ATF3 knockdown
cells and enhanced neurite outgrowth in
NFIL3 knockdown cells are shown in Fig-
ure 1D–F. Knockdown of 19 TFs signifi-
cantly affected the neurite total length per
neuron (Fig. 1G), whereas 10 of these 19
TFs also significantly affected the propor-
tion of outgrowth-positive cells per well
after knockdown (Fig. 1H). All significant
effects were observed in at least two inde-
pendent experiments; representative data
for all TFs are summarized in supplemental
Figure 1 (available at www.jneurosci.org as
supplemental material). For the 10 candi-
date TFs that scored positive in both analy-
ses, the four individual siRNAs constituting
the siRNA pool were tested separately to
further validate the screening results (sup-
plementalFig. 2, availableatwww.jneurosci.
org as supplemental material). In eight
cases, the pool-induced effect was observed
for at least two individual siRNAs. For two
TFs (BHLHB3 and RTEL1) the pool-
induced effect was observed for only one of
the individual siRNAs.
NFIL3 expression correlates with DRG neurite outgrowth in
vitro and in vivo
Functional screening identified the bZIP TF NFIL3 as the stron-
gest repressor of neurite outgrowth (Fig. 1). This appeared para-
doxical since NFIL3 expression is specifically induced in DRG
neurons following sciatic nerve injury and not after dorsal root
injury (Stam et al., 2007). Therefore we decided to further char-
acterizeNFIL3 expression in injuredDRGneurons in vivo, and in
forskolin-stimulated F11 cells and primary adultDRGneurons in
Figure 1. High-content screening identifies TFs involved in regenerative neurite outgrowth. A, Cellomics KineticScan HCS Reader-
obtained images of F11 cells stained with anti-neurofilament showing forskolin-induced neurite outgrowth. B, The same image as in A
showing how the Cellomics Neuronal Profiling algorithm accurately traces neurites and calculates neurite lengths based on anti-
neurofilament staining. C, Cellomics quantification of forskolin-induced neurite outgrowth from F11 cells showing a dose-dependent
increase in neurite total length. Data points representmeans SEM; n	 6wells for each concentration of forskolin.D–F, Examples of
forskolin-stimulated F11 cells transfected with control siRNA (D), siATF3 (E), and siNFIL3 (F ), showing reduced neurite outgrowth after
knockdownofATF3andenhancedneuriteoutgrowthafter knockdownofNFIL3.G,H, Volcanoplots summarizing the screening results for
all 62 TFs. Data points represent neurite total length per cell (G) and fraction of outgrowth-positive cells perwell (H ) after TF knockdown.
Ten TFs showingeffects that are statistically significant ( p0.01; horizontal dotted lines) andbiologically relevant (effect size1SDof
the combinednegative controls; vertical dotted lines) in both assays are indicated in red.
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vitro. Quantitative PCR analysis revealed a robust and early in-
duction of Nfil3 mRNA in DRGs in vivo following sciatic nerve
crush, but not after dorsal root crush (Fig. 2A), corroborating
our earliermicroarray data (Stam et al., 2007).Western blot anal-
ysis confirmed the upregulation of NFIL3 protein after sciatic
nerve crush (Fig. 2B). To determine the cellular source of Nfil3
mRNAweperformed in situhybridization.Nfil3mRNA is almost
absent in DRG neurons of control animals, but is abundantly
expressed in most neurons at 24 h after sciatic nerve crush (Fig.
2C). Elevation of intracellular cAMP levels in F11 cells and in
primary adult DRG neurons resulted in a similar rapid induction
ofNfil3mRNA as observed in injured DRGs in vivo (Fig. 2D,G).
InDRGneurons, the forskolin-inducedmRNAupregulationwas
almost completely abolished when neurons were pretreated with
the protein kinase A (PKA) inhibitor H89 (Fig. 2G). Because
cAMP, PKA and CREB all promote successful regeneration of
injured DRG neurons in vivo (Qiu et al., 2002; Gao et al., 2004),
we also compared the temporal patterns of CREB activation and
NFIL3 protein expression in DRGs after sciatic nerve crush in
vivo, in forskolin-stimulated F11 cells, and in primary adult DRG
neurons in culture. In each case we observed a rapid activation of
CREB, while NFIL3 protein levels only started to increase several
hours later (Fig. 2B,E,H). Finally, we find that NFIL3 protein is
primarily expressed in the nucleus of F11 cells and primary adult
DRG neurons in culture (Fig. 2F, I), confirming the neuronal
expression of NFIL3. Together, these results show that NFIL3 is
downstream of the cAMP-PKA-CREB pathway, and that Nfil3
mRNA expression, protein synthesis and localization are consis-
tent with a transcriptional regulatory role in injured DRG
neurons.
NFIL3 is a suppressor of neurite outgrowth in DRG neurons
In F11 cells, siRNA-mediated knockdown of NFIL3 resulted in a
significant increase in total neurite length (Fig. 1). To demon-
strate a similar role for NFIL3 in DRG neurons we used RNA
interference and dominant-negative expression. First, we con-
firmed that NFIL3 siRNAs are able to knockdownNFIL3 protein
levels. Both the pool as well as two of the four individual siRNAs
significantly reduced NFIL3 protein levels in HEK293 cells over-
expressing NFIL3 (Fig. 3A). Next, adult primary DRG neurons
were transfected using nucleofection, which resulted in 50%
siRNA transfection efficiency. qPCR analysis confirmed efficient
knockdown of Nfil3 mRNA levels in DRG neurons (Fig. 3B).
After transfection, neurons were cultured for 40 h and neurite
Figure2. NFIL3 expression correlateswithneurite outgrowth in vivo and in vitro.A, qPCRanalysis demonstrates a robust and specific upregulationofNfil3mRNAafter sciatic nerve (SN) crush, and
not after dorsal root (DR) crush, corroborating previously reported microarray data. B, Western blot analysis shows upregulation of NFIL3 protein in DRGs in vivo 12–24 h after SN crush. NFIL3
induction is preceded by CREB activation as indicated by phospho-CREB (P-CREB) levels. Total CREB levels are measured for comparison. C, In situ hybridization confirms that expression of Nfil3 is
induced in DRG neurons by peripheral axonal lesion.D,Nfil3mRNA expression is induced in forskolin-stimulated F11 cells asmeasured by qPCR. Data points representmeans SEM; n	 5 for each
time-point. E, Western blot analysis shows upregulation of NFIL3 protein after 4 h in forskolin stimulated F11 cells. NFIL3 induction is preceded by CREB activation as indicated by phospho-CREB
levels. F, Confocal images showing nuclear localization of NFIL3 in F11 cells. G, Nfil3mRNA expression is induced in cultured primary adult DRG neurons as measured by qPCR. Addition of the PKA
inhibitor H89 blocks Nfil3 mRNA induction. Data points represent means SEM; n	 3 for each time-point. H, Western blot analysis shows upregulation of NFIL3 protein in primary adult DRG
neurons after 4 h in culture. NFIL3 induction is preceded by CREB activation as indicated by phospho-CREB levels. I, Confocal images showing nuclear localization of NFIL3 in cultured DRG neurons.
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lengths were measured. Consistent with our results obtained in
F11 cells, we found a significant increase in DRG neurite length
when NFIL3 expression was knocked down using the pool of
siRNAs (Fig. 3C,D). This effect could be replicated with three of
the four individual siRNAs (Fig. 3E). Notably, the increase in
neurite length induced by each individual siRNA in DRG neu-
rons correlated well with their efficacy to knockdownNFIL3 pro-
tein levels in HEK293 cells (Fig. 3A). No effects on neurite
number were observed since all DRG neurons extended neurites,
independent of the experimental condition.
To exclude the possibility that the siRNA-induced increase in
neurite outgrowth is due to off-target effects, we also overex-
pressed a dominant-negative NFIL3 (DN-NFIL3) protein in
primary adult DRG neurons. DN-NFIL3 lacks the basic DNA-
binding domain and the nuclear localization sequence, which are
replaced by an acidic region and anN-terminal Flag tag (Fig. 4A).
A similar dominant-negative CREB protein has previously been
used to specifically inhibit CREB function and reduce DRG neu-
ron outgrowth (Ahn et al., 1998; Gao et al., 2004). Coimmuno-
precipitation experiments show that DN-NFIL3 specifically
interacts with NFIL3 and not with CREB (Fig. 4B). As expected,
DN-NFIL3 resides in the cytoplasm and fails to translocate to the
nucleus after overexpression in primary adult DRGneurons (Fig.
4C). Overexpression of DN-NFIL3 in primary adult DRG neu-
rons resulted in a similar increase in neurite length as observed in
siRNA-transfected neurons (Fig. 4D). This finding shows that in
addition to knockdown of NFIL3 expression, functional inacti-
vation of NFIL3 also induces neurite length.
Overexpression of NFIL3 had no effect on DRG neurite out-
growth compared with GFP-transfected controls (Fig. 4D). Also,
in F11 cells we observed no effect of NFIL3 overexpression on
forskolin-induced neurite outgrowth (data not shown). These
findings seem to suggest that forskolin stimulation (F11 cells) or
Figure 3. NFIL3 knockdown increases neurite outgrowth from primary adult DRG neurons.
A, siRNA-mediated knockdown of NFIL3 protein levels was analyzed in HEK293 cells. Western
blotting confirmed that siNFIL3 causes knockdown of NFIL3 protein in HEK293 cells overex-
pressing rat NFIL3. The siNFIL3 pool and two individual siRNAs (#2 and #3) significantly reduced
NFIL3 protein levels; control siRNAs (siGLO and siCONTROL) did not affect NFIL3 protein levels.
B, qPCR measurements confirm a 50–60% knockdown of Nfil3 mRNA levels in siNFIL3-
transfected DRG neurons. C–E, Primary adult DRG neurons transfected with the siNFIL3 pool
showa51% increase in neurite length. Three of the four individual NFIL3 siRNAs (#2, #3 and #4)
also induce a significant increase in neurite outgrowth. The length of the longest neurite was
measured for 100–150 cells per condition. Note that the individual siRNAs resulting in the
strongest increase in neurite length (E) also give the highest reduction in protein expression in
HEK293 cells (A). Bars represent means SEM; *p 0.01. Scale bar, 100m.
Figure 4. Dominant-negative NFIL3 expression increases neurite outgrowth from primary
adult DRG neurons. A, Schematic representation of full-length and dominant-negative NFIL3
(DN-NFIL3) protein. DN-NFIL3 lacks the DNA binding domain, which is replaced by an acidic
amphipathic amino acid sequence resulting in a higher affinity for the endogenous full-length
protein (see also Ahn et al., 1998).B, Western blot analysis shows specific coimmunoprecipita-
tion of Flag-tagged DN-NFIL3 with Myc-tagged NFIL3 when coexpressed in HEK293 cells. All
cells were transfected with Flag-DN-NFIL3 and cotransfected with Myc-NFIL3 or Myc-CREB as
indicated. Note that CREB does not coimmunoprecipitate with DN-NFIL3. C, Immunofluores-
cence staining shows cytoplasmic localization of Flag-DN-NFIL3 expressed in primary adult DRG
neurons.D, Overexpression of DN-NFIL3 causes a 42% increase in neurite length fromadult DRG
neurons in culture. Overexpression of full-lengthNFIL3 has no effect on neurite outgrowth. Bars
representmeans SEM; *p 0.01. E, EthD-1 uptake assays of transfected primary adult DRG
neurons indicate that most cells are viable after transfection. As a control ethanol treatment
induces EthD-1uptake inmost cells (inset).F, Quantification of EthD-1-negative neurons shows
no difference in cell viability between GFP-, DN-NFIL3- and NFIL3-expressing neurons.
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dissociation (DRG neurons) result in maximally effective levels of
NFIL3, and that further increasing NFIL3 levels has no additive ef-
fect. Previous studies showed that overexpression of NFIL3 pro-
motes the survival of embryonic chicken spinal cord motor
neurons (Junghans et al., 2004). Overexpression of either wild
type NFIL3 or dominant-negative NFIL3 had no effect on the
percentage of viable DRG neurons (Fig. 4E,F). Together, these
observations demonstrate that NFIL3 represses cAMP- and lesion-
induced neurite outgrowth in DRG neurons without affecting
neuronal survival.
NFIL3 and CREB compete for the same binding sites and
control gene transcription together
NFIL3 binds to the E4BP4 response element (EBPRE; TTA[CT-
]GTAA). To studyNFIL3-mediated transcription we used a lucif-
erase reporter construct containing three repeats of the
consensus E4BP4 response element (Ozkurt and Tetradis, 2003).
Because the EBPRE consensus sequence is very similar to the
cAMP response element (CRE; TGACGT[AC]A) to which CREB
binds, we also used a luciferase reporter construct containing the
CREB-responsive part of the rat somatostatin gene promoter
(Montminy et al., 1986) tomonitorCRE-mediated transcription.
Forskolin treatment of F11 cells transfected with either the
EBPRE-luciferase construct or the CRE-luciferase construct re-
sulted in an induction of luciferase activity showing peak levels at
24 h after stimulation (Fig. 5A). To discriminate between the
effects of NFIL3 and CREB in this experiment, we combined
expression of the luciferase constructs with overexpression of
NFIL3 or CREB inHEK293 and in F11 cells. Interestingly, NFIL3
overexpression repressed the activity of both the EBPRE- and the
CRE-reporter, whereas both reporters were strongly induced by
CREB (Fig. 5B). Importantly, when we coexpressed CREB with
increasing amounts of NFIL3, we observed a decrease in CREB-
induced EBPRE-reporter activation (Fig. 5C), indicating that
NFIL3 represses CREB-mediated tran-
scription in a dose-dependent manner.
Consistent with these data we found that
in F11 cells the forskolin-stimulated
EBPRE-reporter activity is further en-
hanced by NFIL3 knockdown, and re-
pressed by CREB knockdown (Fig. 5D).
These results show that cAMP-induced
DRGneuron outgrowth correlates with dy-
namic EBPRE/CRE-mediated gene tran-
scription, which is controlled byNFIL3 and
CREB. Specifically, NFIL3 and CREB bind
to the same promoter elements, but have
opposite effects on gene transcription.
To test whether NFIL3 can also inhibit
EBPRE-mediated gene transcription in
neurons,we transfectedprimary adultDRG
neurons with the EBPRE-reporter plasmid
and simultaneously knocked down NFIL3
using either siRNAs or DN-NFIL3 overex-
pression. Both knockdown of NFIL3 and
overexpression ofDN-NFIL3 significantly in-
creased EBPRE-reporter activity (Fig.
5E). Together with the above observa-
tions in cell lines, these findings un-
equivocally confirm that NFIL3 acts as a
repressor of EBPRE/CRE-mediated gene
transcription in DRG neurons.
NFIL3 binds to regeneration-associated genes in vivo and
represses their transcription
We next tested whether NFIL3 is also able to bind to and repress
expression of known regeneration-associated target genes. Of the
genes that were previously shown to be regulated during regen-
eration (Stam et al., 2007), 67 contain predicted CRE or EBPRE
sites, including Arg1, Gap43 and Nfil3 itself. To establish direct
binding of NFIL3 to these sites, we first overexpressed NFIL3 in
F11 cells and performed chromatin immunoprecipitation using
two antibodies against NFIL3. Coprecipitated DNA was ampli-
fied using primers specific for the sequences surrounding each
predicted binding site. Both antibodies coprecipitated the pro-
moters of Arg1, Gap43, and Nfil3, but not the promoter of the
-actin gene (Actb), which does not contain EBPRE or CRE sites
(Fig. 6A). We next tested whether both CREB and NFIL3 could
play a role in the regulation ofArg1,Gap43 andNfil3 gene expres-
sion in regenerating DRG neurons in vivo. Rats were subjected to
a sciatic nerve crush and lesioned DRGs were collected 48 h later.
Chromatin immunoprecipitation was performed using either
anti-phospho-CREB or anti-NFIL3. Both phospho-CREB and
NFIL3 were found to be present at the promoters ofArg1,Gap43,
andNfil3, but not at the Actb promoter (Fig. 6A). Quantification
of phospho-CREB and NFIL3 binding at earlier time points after
sciatic nerve crush showed that binding at the Arg1 and Gap43
promoters was not detected in unlesioned control DRGs, but
became detectable at 6–24 h after sciatic nerve crush (Fig. 6B).
Thus,Arg1,Gap43, andNfil3 are CREB andNFIL3 target genes in
regenerating DRG neurons in vivo.
To determine the effect of NFIL3 binding to the promoters of
Arg1, Gap43, and Nfil3, we cloned the predicted binding site re-
gions of all three genes in luciferase reporter plasmids (Fig. 6C).
These reporter plasmids were introduced in HEK293 cells, which
lack endogenous NFIL3 expression. Expression of the reporters
alone resulted in an increase in luciferase activity compared with
Figure 5. NFIL3 and CREB have opposite effects on CRE/EBPRE-mediated gene transcription. A, Forskolin induces EBPRE- and
CRE-mediated transcriptional activity in F11 cells. F11 cells were transfected with either the EBPRE or the CRE reporter construct
and stimulated with forskolin for indicated times. Normalized luciferase activities are plotted (means SEM; n	 3 for each
condition). B, Luciferase assays in HEK293 cells showing the effects of overexpression of CREB and NFIL3 on forskolin-stimulated
transcriptional activity. CREBactivatesbothCREandEBPRE sites,whereasNFIL3 repressesboth sites. Bars representmeansSEM;
n 	 3 for each condition; *p  0.01. C, Coexpression of CREB with increasing amounts of NFIL3 shows a dose-dependent
repressionbyNFIL3 of CREB-mediated EBPRE-luciferase activity.D, Luciferase assays in forskolin-stimulated F11 cells showing that
EBPRE activity is repressed by overexpression of NFIL3 and enhanced by overexpression of CREB. Moreover, knockdown of endog-
enous NFIL3 and CREB expression by siRNAs produced opposite effects on luciferase activity, confirming that CREB activates EBPRE
sites, whereas NFIL3 represses EBPRE sites. E, In primary adult DRG neurons, both knockdown of NFIL3 and overexpression of
DN-NFIL3 enhance EBPRE-luciferase activity.
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empty luciferase constructs, but coexpres-
sion of NFIL3 almost completely reduced
luciferase activity to basal levels (Fig. 6C).
Importantly, a peripheral myelin P0 pro-
moter-luciferase construct which lacks
EBPRE sites (Brown and Lemke, 1997)
was not repressed by NFIL3. These data
show that in addition to the direct binding
of NFIL3 to EBPRE sites in these genes,
NFIL3 represses gene transcription medi-
ated by these sites, indicating that NFIL3
is a repressor of regeneration-associated
gene expression. The observed transcrip-
tional repression of the Nfil3 gene by
NFIL3 furthermore suggests the presence
of a direct negative feedback loop.
Discussion
Axonal damage to neurons in the PNS
activates a gene response which enables
the injured neuron to successfully re-
generate and reinnervate targets (Skene,
1989; Smith and Skene, 1997; Gao et al.,
2004;Raivich andMakwana, 2007). The co-
ordination of this gene expression program
probably requires tight transcriptional reg-
ulation, but the underlying transcriptional
regulatory mechanisms remain largely
unknown. Here, we identify NFIL3 as a
novel transcriptional repressor of CREB-
mediated gene transcription, and we dem-
onstrate that NFIL3 and CREB form a
transcriptional network motif, which is
involved in the regulation of neuronal
regeneration-associated genes.
Based on previously published in vivo
gene expression data (Stam et al., 2007)
we investigated the role of 62 TFs in neu-
rite outgrowth from DRG-like F11 cells.
This resulted in the identification of 10 TFs that significantly
affect neurite outgrowth following siRNA-mediated knockdown.
Nine of these have not previously been implicated in neuronal
regeneration. The number of positive hits (10 of 62) may seem
relatively low given that all 62 TFs were selected based on in vivo
gene expression data. This might be due to (1) the fact that reg-
ulation of some TFs is the result rather than the cause of regen-
eration, (2) limitations of F11 cells as amodel for in vivo neuronal
regeneration, (3) redundancy or synergism in TF functions that
prevented their detection because we did not knockdown TFs in
combination, and (4) the stringent selection criteria that were
applied to eliminate false-positives. Nevertheless, the finding of
nine novel putative transcriptional regulators of neuronal out-
growth is exciting and may shed new light on transcriptional
regulatory mechanisms underlying neuronal regeneration.
Paradoxically, we did not always observe a positive correlation
between TF gene regulation in vivo and the siRNA-induced effect
on neurite outgrowth in vitro. For instance, knockdown of both
NFIL3 and CSRP3 enhanced neurite outgrowth, even though
these factors are upregulated during successful regeneration. Lit-
tle if anything is known about the possible roles of these TFs in
neuronal outgrowth, but it is intriguing that regenerating neu-
rons upregulate TFs that have inhibitory roles in the process of
neurite outgrowth. To further address this issue in detail, we
Figure 6. NFIL3 binds to and represses transcription of regeneration-associated genes.A, ChIP assay showing NFIL3 binding to
promoter regions of Nfil3, Arg1 and Gap43 in F11 cells overexpressing NFIL3 (left panel) and in DRG neurons 2 d after sciatic nerve
crush in vivo (right panel). Two different NFIL3 antibodies were used that both precipitated all three promoters. No immunopre-
cipitationwas observed in the absence of antibodies (control) or for a negative control gene (Actb).B, Quantitative PCR analysis of
ChIP enrichment showing phospho-CREB and NFIL3 occupancy at the Arg1 and Gap43 promoters at 6–24 h after sciatic nerve
crush. No binding was observed in unlesioned control DRGs. C, Schematic diagrams of the Nfil3, Gap43 and Arg1 genes indicating
predicted EBPRE sites (black boxes). Indicated are coding exon regions (dark gray boxes), untranslated exon regions (light gray
boxes), introns (black lines) and transcription start sites (arrows). Genomic fragments of theNfil3, Gap43 and Arg1 genes contain-
ing predicted EBPRE sites were cloned into the pGL2-B-luciferase plasmid. Luciferase assays show that these constructs are
transcriptionally active inHEK293 cells (white bars), and that transcriptional activity is repressedwhenNFIL3 is cotransfected (gray
bars). Activity of the P0 promotor is not repressed by NFIL3. Bars represent means SEM; n	 3 for each condition; *p 0.01.
Figure 7. Model for the role ofNFIL3 in regulating regeneration-associatedgene expression. Our
dataindicatethatCREBandNFIL3formatype1incoherenttranscriptionalfeedforwardloop.Elevation
of cAMP levels triggered by peripheral neuronal injury activates PKA and CREB. CREB then activates
regeneration-associated genes (RAGs) containing CRE/EBPRE sites, including Nfil3. NFIL3 acts as a
negative regulator on CRE/EBPRE-mediated transcription. At this moment we cannot exclude the
possibility that NFIL3 in parallel regulates the expression of other regeneration-associated genes,
independent of CREB.
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studied the transcriptional regulatory functions of NFIL3 in cell
lines, in adult primary DRG neurons, and in vivo after sciatic
nerve crush. Interestingly, NFIL3 belongs to the same class of TFs
as CREB, which is known to stimulate DRG neuron regeneration
(Qiu et al., 2002; Gao et al., 2004). Our data show that NFIL3
expression follows phospho-CREB induction in DRG neurons.
TheNfil3 gene contains two functional EBPRE sites, which accord-
ing to our data can also bind CREB. Although recent genome-wide
promoter binding studies failed to identify the Nfil3 gene as a
direct CREB target in PC12 andHEK293 cells (Impey et al., 2004;
Zhang et al., 2005), we suggest that in DRG neurons Nfil3 gene
expression is regulated by the cAMP–CREB pathway. In line
with this suggestion, we found that PKA inhibition suppressed
Nfil3 mRNA levels in primary adult DRG neurons and that
CREB binds the Nfil3 promoter in vivo after a sciatic nerve
crush. Another important finding in our study is that NFIL3
competes with CREB for EBPRE and CRE motifs in the promot-
ers of regeneration-associated genes. These sites appear to be
functionally equivalent: CREB enhances gene expression via both
sites, whereas NFIL3 represses gene expression via both sites.
These results are consistent with a model in which, as part of the
cAMP-regulated gene program, NFIL3 is upregulated to exert
control over the CREB-mediated transcriptional response (Fig. 7).
A gene regulatory network motif in which one TF in parallel
activates a set of target genes, and a negative regulator that sub-
sequently represses the same target genes, is referred to as a type 1
incoherent feedforward loop and is frequently detected in genetic
model organisms (Mangan and Alon, 2003; Alon, 2007). Com-
putational modeling and experimental studies in bacteria both
showed that type 1 incoherent feedforward loops efficiently con-
trol the dynamics of target gene expression by accelerating target
gene response time and generating nonmonotonic pulses of tar-
get gene expression (Mangan and Alon, 2003; Mangan et al.,
2006; Kaplan et al., 2008). Thus, the paradoxical upregulation of
NFIL3 during successful neuronal regeneration, even though it
suppresses neurite outgrowth, can be explained by the fact that
NFIL3 and CREB coevolved to form a functionally important
gene regulatory network motif. Apparently, appropriate temporal
regulation of growth-promoting genes by the cAMP–CREB path-
way requires the induction of NFIL3 as a feedforward repressor.
Individual components of gene regulatory networkmotifs of-
ten acquire different functions in different species and cellular
systems (Madan Babu et al., 2007; Tuch et al., 2008). Indeed,
NFIL3 shows functional diversity in different organisms and cell
types. This was first described in C. elegans, where the NFIL3
orthologue CES-2 (cell death selector-2) has differential effects
on target genes and cell morphogenesis or apoptosis in different
cell types (Metzstein et al., 1996; Wang and Chamberlin, 2002;
Wang et al., 2006). In themammalian circadian clock, NFIL3 acts
as a transcriptional repressor, and regulates the complex diurnal
oscillating expression patterns of clock genes (Doi et al., 2001;
Mitsui et al., 2001). In lymphoid tissues NFIL3 has a strong anti-
apoptotic effect (Ikushima et al., 1997; Kuribara et al., 1999), and
in developing chick spinal cord motor neurons NFIL3 overex-
pression promotes survival and axonal growth (Junghans et al.,
2004). These latter findings seem contradictory to ours; however,
we clearly show with two independent methods (RNA interfer-
ence and dominant-negative expression) that loss of NFIL3 func-
tion stimulates outgrowth of adult DRG neurons, and that
neither overexpression nor inhibition of NFIL3 affects DRGneu-
ron survival. Together, we conclude that the precise role ofNFIL3
in gene regulatory networks appears to depend on the cell type
and the developmental stage. Also, we cannot exclude that the
function of NFIL3 differs in different species.
In conclusion, we show that NFIL3 is a suppressor of regen-
erative DRG neuron outgrowth. Together with CREB, NFIL3
forms an incoherent transcriptional feedforward loop control-
ling the expression of regeneration-associated genes. These find-
ings provide for the first time insight into the architecture of
transcriptional regulatory networks that underlie neuronal re-
generation, and highlight the importance of transcriptional re-
pressors in determining a neuron’s regenerative response. Other
regeneration-associated TFs may be subject to similar negative
regulatory control mechanisms. For instance, suppressor of cy-
tokine signaling-3 (SOCS3) is upregulated by injured DRG neu-
rons, and negatively regulates STAT3 function and neurite
outgrowth (Miao et al., 2006). Clearly, further insight into tran-
scription regulatory network interactions is indispensable for our
understanding of how neuronal regeneration is regulated at the
level of gene expression.
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